The effect of carotid occlusion on cerebral blood flow (CBP), brain plasma volume for sucrose (v�hc), and unidirectional transport of glucose from blood to brain was measured in four regions of gerbil brain. Unilateral common carotid artery occlusion caused a variable decrease in CBP to the ipsilateral cerebral cortex and basal ganglia, with no change in CBP to the contralat eral structures, cerebellum, or brainstem. One hour of bilateral carotid artery occlusion reduced flow to near zero in the cerebral cortex and to 30% of control in the basal ganglia, while increasing CBP to the cerebellum and Address correspondence and reprint requests to Dr. Betz at R6060 Kresge Research II, University of Michigan, Ann Arbor, Michigan 48109.
Under normal conditions, the rate of glucose transfer from blood to brain is more than adequate to meet the brain's metabolic requirements. This is because the blood -brain barrier (BBB) contains a transport system for glucose that facilitates move ment of glucose into the brain. When the cerebral blood flow (CBF) and blood glucose concentration are normal, the rate of unidirectional glucose trans port from blood to brain is 2 -4 times greater than the rate of glucose utilization by brain (CMR g1u) (Betz et aI. , 1976; Gjedde, 1980) . Thus, glucose is transported into brain (unidirectional uptake), and then a portion is metabolized while the remainder returns from the brain to the blood (unidirectional efflux). The difference between unidirectional up take and unidirectional efflux is the net uptake, which, in the steady state, is equal to the CMRgl u' The rate of unidirectional uptake is affected by the blood glucose concentration, the CBF, and the ki netic parameters for the glucose carrier.
Shortly after the onset of cerebral ischemia, the CMRgl u greatly increases because anaerobic gly colysis is used for energy production (Lowry et aI., 1964) . This would normally result in an increase in net glucose uptake, however, since the CBF is re duced, unidirectional glucose uptake is limited, and net uptake and unidirectional uptake should be equal. In other words, BBB glucose transport limits the ability of the brain to metabolize glucose.
When the CBF is restored following ischemia, one would expect the rate of unidirectional glucose transport from blood to brain to return to normal. Several studies, however, suggest that this may not be the case. In the isolated, perfused dog brain, unidirectional glucose uptake is decreased following total ischemia (Kintner et aI. , 1980) or severe hypoxia (Betz et aI. , 1974) , whereas in the post ischemic gerbil brain, glucose uptake appears to be increased (Spatz et aI. , 1974) . If glucose uptake is indeed decreased following ischemia, it could limit cerebral glucose metabolism and impair the brain's ability to recover from the ischemic insult.
In view of the discrepancy between results ob tained with the perfused dog brain and those ob-tained in the gerbil, we measured the rate of uni directional glucose transport from blood to brain following bilateral carotid occlusion in the gerbil. We also studied the effect of CBF on glucose up take, since postischemic CBF might be different from the control rate of flow. Finally, we investi gated changes in uptake on a regional basis to cor relate the degree of CBF reduction during ischemia with the observed postischemic changes in cerebral glucose uptake.
METHODS
The method used for simultaneous determination of re gional CBF and unidirectional blood-to-brain glucose transport is described elsewhere (Betz and Iannotti, 1983) . Briefly, 50-70-g male Mongolian gerbils were anesthetized with sodium pentobarbital (50 mg/kg). Catheters of PE-lO polyethylene tubing were placed into the right and left femoral arteries and the left femoral vein. These were used for monitoring mean arterial blood pressure (MABP), continuous arterial sampling, and in travenous injection of isotope, respectively. The animal was intubated through a tracheostomy and allowed to breathe room air spontaneously while being warmed by a heating pad and incandescent lamp.
Three minutes before determination of glucose uptake, 0.35 ml of arterial blood was taken for measurement of pH, Paco2, Pao2, hematocrit (Hct), and plasma glucose concentration (C�l). Just before isotope injection, with drawal of arterial blood was begun at 0.233 ml min-I. A 50-J.tI bolus injection containing 2 jLCi [14C]butanol and 20 jLCi [3H]glucose in N-2-hydroxyethylpiperazine-N'-2' ethane sulfonic acid (HEPES)-buffered saline (pH = 7.4) was made through the intravenous catheter. Exactly 25 s later, the animal was decapitated, and the arterial blood withdrawal was terminated. Blood samples were col lected to determine the final [3H]glucose content and the total p4C]butanol and [3H]glucose in the arterial blood following the injection. The brain was divided into right and left cerebral cortex, right and left basal ganglia, cere bellar hemispheres, and brainstem. The brain and blood samples were dissolved in Protosol® and prepared for liq uid scintillation counting.
The equations used to calculate CBF and unidirectional glucose uptake had been derived previously (Betz and Iannotti, 1983) . The brain plasma volume was measured regionally with [3H]sucrose. The values obtained were used to correct the brain [3H]glucose content for the por tion of isotope that was intravascular.
Control animals were allowed 60 min to attain a steady state before CBF and glucose uptake were determined. This time period was comparable to the time of ischemia in the experimental group. To obtain measurements of brain glucose uptake over a range of CBF values, isotope injections were made exactly 1 min after occlusion of the right common carotid artery with a vascular clip. Studies of the isolated, perfused dog brain suggest that glucose uptake would not be affected by <2 min of occlusion (Betz et aI., 1974) .
In the experimental group, bilateral cerebral ischemia was created by occlusion of both common carotid ar teries, the right with a ligature and the left with a vascular clip. In a separate group of six animals, the regional CBF was determined after 1 h of bilateral carotid occlusion with no reperfusion. The effect of cerebral ischemia on blood-brain glucose uptake was determined in 13 ani mals. Both carotid arteries were occluded for 60 min, and then the clip on the left carotid artery was removed. Exactly 1 min later, the [14C]butanol and [3H]glucose were injected. In our protocol, we removed only one clip following bilateral occlusion, since preliminary studies suggested that the initial MABP would be maintained and the CBF would be re-established better, at least for the unoccluded side, than if clips on both arteries were re moved.
o-[6-3H]Glucose (30 Cilmmol), [fructose-PH]sucrose (11 Ci/mmol), n-[ 1 -14C]butanol (0.85 mCi/mmol). and Protosol were obtained from New England Nuclear (Boston, MA). Arterial blood gases were measured with a Radiometer Blood Gas Analyzer (Copenhagen). Plasma glucose concentrations were determined by the Michi gan Diabetes Research and Training Center Biochemistry Core using an automated glucose-6-phosphate dehydro genase technique.
RESULTS

CBF before, during, and after ischemia
The average values for regional CBF obtained under various conditions are shown in Table 1 . In the control group, CBF was determined 1 min after occlusion of the right common carotid artery. This caused a decrease in flow to the ipsilateral cerebral cortex and basal ganglia, while CBF in the con- 38.9 ± 13.9" 6.3 ± 4.5' 89.4 ± 25.3" 28.6 ± 15.0" 60.7 ± 8.4 78.3 ± 11.5 9.6 ± 5.5 CBF is expressed in ml 100 g-I min-I; values are means ± SD. Bonferroni's method (Wallenstein et aI., 1980) for multiple comparisons with the t test was used to determine the significance of differences compared to control.
tralateral cortex and basal ganglia, as well as in the cerebellar hemispheres and brainstem, remained comparable to values previously obtained in gerbils without carotid occlusion (Betz and Iannotti, 1983) . Occlusion of both carotid arteries for 1 h essen tially eliminated flow to the cerebral cortex, re sulting in complete ischemia. In the basal ganglia, however, ischemia was incomplete, since the CBF was reduced to an average value that was 30% of the unoccluded regional CBF. Samples from the cerebellum and brains tern were not separated for this part of the study, and the results in Table 1 show a tendency toward hyperemia in these struc tures during bilateral ischemia.
In the experimental group, both carotids were occluded for 1 h, the clip was removed from the left carotid, and the regional CBF was measured 1 min later. CBP in the reperfused cerebral cortex re turned toward normal but was still low in the occluded side. Removal of the clip caused hyper emia in the ipsilateral basal ganglia and only a small increase in CBP to the contralateral basal ganglia. CBF in the cerebellum and brainstem was again normal.
In summary, unilateral carotid occlusion in the gerbil produced a variable decrease in flow to the ipsilateral cerebral cortex and basal ganglia. Bilat eral occlusion caused complete ischemia in the ce rebral cortex and incomplete ischemia in the basal ganglia. Shortly after unilateral release from bilat eral occlusion, CBP had returned toward normal in the reperfused cortex but was elevated in the re perfused basal ganglia, while it remained low in the occluded side of both structures. The cerebellum and brains tern were largely unaffected by carotid occlusion.
Brain plasma volume before and after ischemia The brain plasma volume for sucrose (V��c) was measured by use of [3H]sucrose because of its low permeability at the BBB (Ohno et aI. , 1978) . The effect of CBP on the V��c was measured before and after ischemia, using unilateral occlusion or unilat eral release from bilateral occlusion as described above. Results for the four brain regions studied are shown in Fig. 1 .
In the cerebral cortex, there was no detectable effect of CBF on V��c either before or after isch emia, as long as the CBP was > 10 ml 100 g-I min-I.
The average V��c was slightly lower in the reper fused ischemic group. The fact that it was not in creased indicates that the BBB remained intact im mediately after 1 h of total ischemia. In the post ischemic group, where CBF was < 10 ml 100 g-I min-I, there was a proportionate decrease in V��c. In the basal ganglia, there was a greater tendency for V��c to increase as the CBP increased, both be fore and after ischemia. Again, the V��c was lower in the postischemic group. There was no effect of carotid occlusion on V��c in either the cerebellum or brainstem, and V��c was unaffected by CBP in these structures.
A summary of average values for V��c when the CBP was > 10 ml 100 g-I min-I is presented in Table  2 . These values were used to correct for intravas cular [3H]glucose in the calculation of regional glu cose uptake. Although V��c did increase with CBP in the basal ganglia, this was ignored in the calcula tion of glucose uptake, because the effect was small and it would have little impact on glucose uptake values.
Unidirectional glucose uptake before and after ischemia
In order to measure the effect of CBP and isch emia on BBB glucose transport, it was necessary to obtain data from animals with similar blood glucose concentrations, since this variable will affect the rate of glucose transport (Betz and Iannotti, 1983) . The average plasma glucose concentrations for the 12 control and 13 postischemic animals are given in Table 1 . Although the values are comparable, the relatively large SDs indicate substantial variability. We therefore selected six animals with similar arte rial glucose concentrations from each group. The physiologic data for these two subgroups are pre sented in Table 3 . All parameters for control and postischemic groups, including the average glucose concentration, were statistically identical. The relationship between the rate of unidirec tional glucose transfer from blood to brain and the regional CBF values is shown in Fig. 2 . There ap pears to be a positive relationship between CBF and glucose uptake in the cerebral cortex and basal gan glia but not in the cerebellum and brainstem. In the cerebral cortex, where ischemia was complete, glu cose uptake 1 min after reperfusion is approxi mately 30% lower than control glucose uptake at comparable values of CBF. A similar relationship is observed in the basal ganglia, where the ischemia was incomplete. In this structure, however, hyperemia in the side released from occlusion re sulted in a normalization of the rate of glucose up take. CBF in the cerebellum and brainstem was un affected by carotid occlusion (Table 1) , and there Values shown are means ± SD. All determinations were made from arterial blood. Samples in the experimental group were obtained 3 min before release from 1 h of bilateral carotid oc clusion.
were no differences in glucose uptake before and after ischemia.
Thus, 1 h of cerebral ischemia causes a reduction in the rate of unidirectional glucose transport from blood to brain. This reduction is observed whether the ischemia is complete or incomplete (30% re sidual CBF). 
DISCUSSION
The Mongolian gerbil has proven useful in studies of cerebral ischemia. Absence of the posterior communicating arteries in this species effectively separates the carotid and vertebrobasilar circula tions (Levine and Sohn, 1969) . The degree of com munication between the blood delivered through the right and left carotid arteries is affected by the caliber of the anterior communicating artery, which varies from animal to animal (Berry et aI. , 1975) . Thus, single carotid occlusion will reduce the CBF to the ipsilateral cerebral cortex by a variable amount, resulting in various degrees of ischemia and consequent clinical symptoms. In other species, however, single carotid artery occlusion has little impact on CBF, because blood is readily supplied from the contralateral carotid and the ver tebrobasilar circulations.
The effect of unilateral carotid artery occlusion on cortical CBF in our gerbils was similar to that reported in other studies (Levine and Payan, 1966; Levine and Sohn, 1969; Berry et aI. , 1975) . The reduction in CBF to the cerebral cortex of the occluded side compared to CBF to the unoccluded side was <20% in one-third of the animals, 25-40% in another third, and 50-75% in the remaining third (data not shown).
Bilateral carotid occlusion reduced CBF in the cerebral cortex to near zero; however, there was residual flow in the basal ganglia, presumably through connections with the vertebrobasilar cir culation. Therefore, ischemia was complete in the cerebral cortex and incomplete in the basal ganglia. As expected, bilateral carotid occlusion did not re duce flow to the brainstem or cerebellum and, in fact, may have increased it.
One hour of bilateral occlusion caused a small but significant decrease in the plasma space of the brain, both in the cerebral cortex and in the basal ganglia. This might be explained by accumulation of edema fluid within the brain and subsequent com pression of the intravascular space (Ames et aI., 1968; Siemkowicz, 1980) . Consistent with this hy pothesis is the observation that the plasma volume is decreased proportionately more in the basal gan glia, where the residual CBF provided an opportu nity for more fluid to move from blood to brain.
Increasing CBF within the range of 15-60 ml 100 g-l min-l caused an increase in the rate of glucose transport from blood to brain at a constant blood glucose concentration. This effect was observed in the cerebral cortex and basal ganglia but not in the cerebellum or brainstem, where the CBF was usu ally >50 ml 100 g-l min-I. It is not clear whether this regional difference is due to the higher average CBF in the cerebellum and brainstem, or whether the mechanism producing it is absent from these structures. Measurement of glucose uptake in the cerebral cortex and basal ganglia at higher flows would help determine whether there is an upper limit to the flow dependence. A similar effect of CBF on BBB glucose transport was observed in the isolated, perfused dog brain when the CBF was between 20 and 80 ml 100 g-l min-l (Betz et aI., 1973) . However, the effect was minimal in the rat at CBF values >80 ml 100 g-l min-l (Pollay and Ste vens, 1979) .
The reason for an increase in blood-to-brain glu cose transfer with increasing flow has not been es tablished. A simple explanation would be intermit tent capillary flow, with recruitment of capillaries at higher CBF values and a consequent increase in the surface area available for glucose transport. This phenomenon is well established in muscle (Bourdeau-Martini et aI. , 1974) and has been dis cussed elsewhere in relation to BBB glucose trans port (Gjedde and Rasmussen, 1980; Betz and Ian notti, 1983) . If capillary recruitment occurs, it is surprising that we did not observe an effect of CBF on V��c in the cerebral cortex. This may be due to the small number of observations and limited CBF range of our data in that portion of the study, since the expected relationship was observed in the basal ganglia. A positive effect of CBF on cerebral blood volume has been demonstrated in the monkey (Eichling et aI. , 1975) .
Our study confirms the previous results of Kint ner et aI. (1980) , who found that cerebral ischemia causes a reduction in the rate of unidirectional glu cose transport from blood to brain. Reduced BBB glucose transfer has also been observed during moderate and severe hypoxia (Betz et aI. , 1974; Berson et aI. , 1975; Kintner et aI., 1980) . The in creased BBB transport of glucose analogues previ ously observed in the gerbil (Spatz et aI. , 1974) may be due to the effect of altered blood flow on the extraction of the water reference.
Changes in BBB glucose transport after ischemia in the gerbil have also been implied from studies of isolated cerebral microvessels (Spatz et aI. , 1977; Nell and Welch, 1980) . Since capillary endothelial cells are responsible for formation of the BBB, glu cose transport into these cells is probably the first step in trans-capillary glucose transport. Spatz et aI. (1977) and Nell and Welch (1980) studied 2deoxyglucose (2DG) uptake into microvessels iso lated from gerbils subjected to bilateral carotid oc clusion for up to 6 or 30 min, respectively. Both groups found a significant decrease in 2DG uptake into microvessels isolated from brains that had not been allowed a period of reperfusion. Although these results agree well with the in vivo observa tions that we now report, caution must be used in interpreting in vitro studies of 2DG uptake, since it is difficult to distinguish between transport and metabolism with this analogue of glucose (Betz et aI. , 1979) .
The mechanism for a reduction in the unidirec tional transport of glucose from blood to brain caused by ischemia or hypoxia is not clear. Our results indicate that the change in glucose transport is local, since it occurs only in areas of brain that were ischemic. The effect may also be specific for glucose, since previous studies showed no change in BBB leucine transport after ischemia (Betz et aI. , 1975b) . Local factors that could affect the rate of BBB glucose transport include: plasma glucose concentration, CBF, and kinetic properties of the glucose carrier. Changes in the average capillary glucose concentration as a cause of decreased BBB glucose transport are unlikely. Although the aver age capillary glucose concentration could fall due to the accelerated CMRg\u and the greater ar teriovenous difference for glucose, this effect would be small, and, if taken into account, would result in even lower values for glucose uptake after isch emia.
Changes in CBF have previously been rejected as a cause of reduced BBB glucose transport in the isolated dog brain (Betz et aI. , 1976) , based on a study with microspheres showing minimal redis tribution of flow (Drewes et aI., 1975) . It is possible, however, that the blood flow could be redistributed on a local level in a manner that would favor perfu sion of capillaries with fewer glucose carriers. This local redistribution may not be detectable by the microsphere technique. It should also be noted that Jackson et ai. (198 1) found a redistribution of blood flow from cortical gray to cortical white matter 30 min after 12 min of total cerebral ischemia in the dog.
Changes in the kinetic properties of the glucose carrier after ischemia are also a possibility, and ini tial studies with the isolated, perfused dog brain show an increase in both the K m and V max for glu cose transport following ischemia (Gilboe et aI. , 1976) . There is no evidence that BBB glucose trans port is an energy-dependent process (Lund Andersen, 1979) , and ATP depletion does not affect glucose transport into isolated brain capillaries (Betz et aI., 1979) . Production of an inhibitor of glu cose transport would reduce BBB glucose uptake during ischemia. Gilboe et ai. (1976) suggested that changes in the brain H+ ion concentration could act as a locally produced inhibitor and alter glucose transport in a manner similar to that seen during ischemia; however, a recent re-evaluation by this group (Yanushka et aI. , 1983 ) discounts this possi bility. Production of other potential glucose trans port inhibitors has not been investigated. The re duction in brain glucose concentration that is seen during ischemia could change glucose uptake ki netics through a phenomenon called accelerative exchange diffusion. This possibility has been inves tigated and dismissed (Betz et aI. , 1975a) . Thus, although changes in BBB glucose transport kinetics do occur during ischemia, the mechanism has not been established.
Regardless of the cause for decreased blood-to brain glucose flux following cerebral ischemia, this observation has important implications for use of the 2DG method to measure CMRg\u following isch emia. The calculations used in that method require knowledge of the rate constants for glucose and 2DG influx and efflux at the BBB, which form a "lumped constant" (Sokoloff, 1977) . These rate constants are directly related to the transport pa rameters for glucose influx and efflux at the BBB (Pardridge et aI. , 1982) . Furthermore, the value of the lumped constant must either remain unchanged or be determined for each experimental condition used. The 2DG method has been used previously to determine the CMRg\u following ischemia in the rat. The investigators assumed that the value of the lumped constant would not be affected by ischemia (Pulsinelli et aI. , 1981) . Our results suggest that this assumption is not valid, and further work will be required to determine a value for the lumped con stant following ischemia. In preliminary studies, Ginsberg and Reivich (1979) found a 2.4-fold in crease in the lumped constant after ischemia. It also appears that the rate of BBB glucose transport gradually returns toward normal during reperfusion after ischemia (Kintner et aI. , 1980) , and this would cause an additional time-dependent change in the lumped constant.
It is difficult to predict whether the postischemic decrease in glucose uptake would have a significant effect on brain metabolism. We did not determine values for CMRg\u, but previous studies of the iso lated dog brain suggest that glucose metabolism may be lower than normal for > 1 h following com plete ischemia (Kintner et aI. , 1980) . Even though unidirectional glucose uptake was also decreased for 1 h, it was always greater than the net uptake. These data may indicate that BBB glucose transport after ischemia is not rate-limiting for metabolism. So far, however, glucose transport and metabolism determinations have been made only on relatively large areas of brain, and the values represent the sum of activity in many smaller micro-domains. The possibility remains, therefore, that ischemia has a greater impact on glucose transport in some of these micro-domains than it does in others. Thus, a lim itation in supply of glucose for metabolism follow ing ischemia could develop in small but important areas of the brain.
